Vacuum-Induced Coherence in Ultracold Photoassociative Ro- Vibrational Excitations 
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We show that coherence between two excited ro- vibrational states belonging to the same molecular electronic 
configuration arises quite naturally due to their interaction with electromagnetic vacuum. For initial preparation 
of a molecule in the desired ro-vibrational states, we propose to employ the method of ultracold photoassoci- 
ation. Spontaneous decay of the excited molecule then gives rise to vacuum induced coherence between the 
excited ro-vibrational states. We demonstrate theoretically an interesting interplay of effects due to vacuum in- 
duced coherence and photoassociation. We apply our theory to photoassociation of bosonic Ytterbium (^^*Yb) 
atoms which appear to be a promising system for exploring such interplay. The effects discussed here can be 
important for controlling decoherence and dissipation in molecular systems. 

PACS numbers: 32.80.Qk, 34.50.Cx, 34.80.Pa 
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Quantum coherences and interference form the basis of 
many fascinating phenomena in atomic and molecular sys- 
tems |jj,|2j]. Its applications in spectroscopy, metrology, pho- 
tovoltaics and information sciences have been most remark- 
able. One of the famous examples of quantum interference is 
the Fano effect [3^,^ that arises from interference of two com- 
peting optical transition pathways involving discrete and con- 
tinuum states. Another notable coherence phenomenon is the 
vacuum-induced coherence (VIC) which arises due to quan- 
tum interference between two pathways of spontaneous emis- 
sions js!]. It is known that under appropriate conditions, VIC 
can lead to population trapping in excited states 10, IH. This 
can be utilized in manipulating environment induced relax- 
ation processes in a wide variety of systems such as atoms, 
ions, molecules, quantum dots 151 41211 . and has also been 
found to be effective against decoherence in quantum infor- 
mation processing 11311 . One of the key conditions for VIC to 
occur is the nonorthogonality of the dipole moments of two 
spontaneous transitions. For atomic systems nonorthogonal- 
ity is a stringent condition to achieve. Possible realization of 
VIC for an excited atom interacting with an anisotropic vac- 
uum 1 14-3l and utilizing the j ~ 1/2 ^ j = 1/2 transition 



in i3^Hg+ and ^■^^Ba"'' ions have been suggested llTlllSll . Re 



cently, a proof-of -principle experiment verifying its presence 
has been performed in quantum dots lfl9ll . In-spite of these 
attempts, a clear signature of VIC in atomic systems is yet to 
be obtained. 

In this Rapid Communication we show that unlike atoms 
or ions, VIC arises quite naturally in molecular systems. This 
can be attributed to the quantum interference of spontaneous 
emission pathways from two ro-vibrational levels of an ex- 
cited molecular electronic state to a ground molecular state. 
In this case, the required nonorthogonality condition is sat- 
isfied naturally as the two excited states belong to the same 




FIG. 1: (Color online) A schematic diagram for creation of coher- 
ence in two excited ro-vibrational levels by photoassociation. The 
two-atom continuum \E}b is coupled to two ro-vibrational levels 
\v, Ji)(\(l)i)) and \v, J2){\(l>2)) of an excited molecular electronic 
state via two lasers of frequencies ujli and LtJL2, respectively. 71 and 
72 are the spontaneous decay rates at which and 102) decay to 
the continuum. Coherence arises between the two excited molecu- 
lar states from the quantum interference of two spontaneous decay 
pathways \(t>i) \E)t and 102) \E)i,. 



molecular electronic configuration and differ only in rota- 
tional or vibrational quantum numbers. With the tremendous 
prog ress in high precision photoassociation (PA) spectroscopy 
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2111 . low lying rotational levels can be selectively pop- 
ulated in a molecular excited state. This occurs due to PA 
transitions from the collisional continuum of two ground state 
cold atoms. VIC will be significant in such an atom-molecule 
interface system provided (i) there is no hyperfine interaction 
in the atoms that are photoassociated, (ii) there is no bound 
state close to the dissociation continuum of the ground molec- 
ular state and (iii) excited molecular levels have long life time. 

However, to our knowledge, the possibility of VIC in such 
PA systems has not been addressed so far. As such, we pro- 
pose here a novel PA scheme for realization of VIC in an 
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atom-molecule system. We present results on the interplay 
of VIC and the effects induced by PA lasers such as dressing 
of the continuum. We show that the life time of the excited 
states can be controlled by appropriate manipulation of this 
interplay. Moreover, our results predict that for an optimum 
detuning and intensity of PA lasers, the interplay between VIC 
and PA can lead to coherent population trapping in the excited 
states. 

The basic idea of our scheme is depicted in Fig. 1. We 
consider as our model a system of two excited molecular ro- 
vibrational levels \v, Ji){\(f>i)) and [f, J2)(|02)) coupled to 
the two-atom ground continuum \E)b via lasers. Initially ei- 
ther |0i) or \(j>2) is populated or partially both are populated 
via photoassociation of cold atoms using two lasers Li and 
L2 of frequencies loli and ujl2, tuned near | E)i, (j>i) and 
I E)i, ->| 02 ) transitions, respectively. Both the excited levels 
\cj)i) and 102) decay spontaneously to the same ground contin- 
uum with decay rates 71 and 72, respectively. The Hamilto- 
nian governing the dynamics of this system can be written as 
H = He + Hinc, where He is the coherent part involving PA 
couplings and is given by. 

He = I I + y ^' I E')b b{E' I dE' 



I, +ll.C.^dE'. (1) 



E'e — -S'^ 



Here huJtn are the binding energies of the bound states 
0ri}(n= 1, 2); \E')i, is the bare continuum state and A„£/ = 
{(j)n I S'n ■ E^n \ E')b is the laser coupling for the transition 
from the n-th bound state to the bare continuum |£")6. The 
vectors and E^n are the dipole moment and electric field 
of the laser associated with the n-th transition, respectively. 

\<t>n)h{E' I is a raising operator. He is 



The operator S*^, 
exactly diagonalizable 11221 12311 in the spirit of Fano's theory 
Jstl- The eigen state of He is the dressed continuum expressed 



as 



(2) 



\E)d^A2E\(j)2)+AiE\^i)+ j CE'{E)\E')bdE' 

with the normalization condition {E"\E) = 5{E — E"). 
Here A^e = KE{q^n'/'^ + 5,,,E)/n[{5iE + iTi/2){52e + 
iV2/2) ~ TiT2(.q - if I ^ with 71' ^ n and Ce'{E) = 
5{E - E') + {AiE^iE' + A2eA2E')/{E - E'). The term 
r„(£') = 2Ti\KnE\^ / K is the stimulated line width of the 
n-th bound state due to continuum-bound laser coupling and 
5nE = E/h - 5n with detuning (5„ = ujbn - ^Ln- Here 
q = Vi2/{ttAie-^-2e) is analogous to the well-known Fano's 
q parameter ^ with V12 = J dE' Kie' A2E' / [E - E') 
where stands for principal value. 

The incoherent part of the Hamiltonian Hine describes the 
interaction of vacuum field with the system and is given by. 



Hine = j dE' 



(3) 



where ^ is the annihilation operator of the vacuum field 

Evae and gn^iE'^K) = -((/)„ | ■ E^,ae{n) I E')b is 



the dipole coupling with Eyae{i^) ~ y\/ tiw / 2eQV j Sa, k 
being the wave number, cr the polarization of the field and 
^y hajii/2eoV the amplitude of the vacuum field. Let the joint 
state of the system-reservoir at a time t be expressed as, 

!*(<)) = ^a„(0 |0„,{O}) 



dE'J2bE',nAt)\E')b\{ln,A) (4) 



where a„ and bE'.K,a are the amplitudes of ?i-th excited state 
and ground continuum, respectively. The state |0„, {0}) cor- 
responds to molecular excited state with field in vacuum and 
|-E'')6|{lKcr}) refers to (ground) bare continuum state with en- 
ergy E' and one photon in mode k of polarization a. Using the 
standard Wigner-Weisskopf approach ||2|], after a long algebra 
we obtain. 



ai 
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{-Qi - i5i2) di 

— 020.2 — ^21^1 



^1202 



(5) 

(6) 



where dn is the modified amplitude related to a,i by transfor- 
mations, di = fli exp [i{uJi — Si2)t\ and 02 — 02 exp [zd;2i]- 
The dressed frequency uin and the detuning S12 in the above 
expression are given by fujn — J \ AnE\'^EdE and S12 = 
{ujli — i^L2) + ('^i ~ <^2)- The Qn is the decay constant of the 
n-th bound state, given by 



exp 



Ey_ 



{t-t') 



(7) 



A key feature of Eqs. ([5] - T5| is the coupling between the 
amplitudes via the cross damping term 



G ~1 

— f^2 



dE' / dt'^ 



exp 



9na{E\n)gl,^{E' ,k) 



E' 



i { UJLn +(^n ^ - CJk ) - t') 



(8) 



where n ^ n'. For simplicity in writing the above equa- 
tion we have assumed {luli + (jJi) — {ojl2 + ^^2)- It is 
important to understand that Q12 arises due to quantum in- 
terference of the spontaneous emission pathways resulting in 
VIC between the excited states amplitudes. Summing over 
the vacuum modes and then carrying out the time integral 
under Born Markov approximation, we finally obtain Qn ~ 
{Sireohc^y^ J dE'itJLn + ~ E' /hf\{^n\^n\E')b\^ and 

G12 = G21 = {Seohc^TT)-' J dE'{cj)0,\E'){E'\!^2\cl^2) 
{ljli E'/hf/^{ujL2 +^2- E' /hf^. Solving the 

coupled Eqs. (5) and (6) analytically, we obtain 



di{t) 

d2{t) = C2_e^-* + C2+e^+* 



(9) 
(10) 
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FIG. 2: (Color online) Uppermost Panel shows the plots of pn and 
P22 in the absence of laser which is the case of normal VIC. Both 
pii and P22 go to zero in the long time limit. In the middle and 
lower panel, the excited state population pn and p22 are plotted as a 
function of dimensionless time for different values of the detun- 
ing of the second laser, ^2, keeping 5i = 0. At (52 = 1 MHz, the 
population is trapped between the two excited states. The intensities 
of Li and L2 are 50 mW cm^^ and 0.1 mW cm^^, respectively. 



where, z± = ^[—iSi2 — ± and ci± = 
[±(-z<5i2 -g-± r!)5i(0) T 2^1252 (0)]/(2r!) and C2± = 

[ ±iiSi2 + G- ± r>)a2 (o) T 2e;i252(o)]/(2r!) with n = 
^{g- + i6i2)^ + 4gf^, g^^Gi- 02 and g+^gi + ^2. 

In the limit when laser intensities going to zero (weak cou- 
pling), we find (Jn — > {iObn — oJLn), thus gn reduces to the 
usual damping constant 7„. Moreover, for low energy we have 



/12 



712 



102). (11) 



Thus in the absence of lasers, the model reduces to normal 
VIC case in V-type system jlj]. The above equation shows that 
712 vanishes if the molecular transition dipole moments S^i 
and &2 are orthogonal. In our model .^i and ^2 are the tran- 
sition dipole moments between the same ground and excited 
electronic states, therefore they are essentially nonorthogonal. 

The excited state populations pn = |aip, P22 = |a2p and 
the coherence pi2 = 0,10,2 can be obtained from Eqs. Q and 
([Tol l. Explicitly 



Pnn{t) = 



[2 {An^ - BSI2} Pnn{0) 



4172 

-8Bg22P„-„,(0) + 8Bai2(5i2lm[pi2(0)] 
^8ai2ORe[pi2(0)] sinh(17t)] , (12) 



where n' n, A ^ [I + cosh(17t)] and S = [1 - cosh(ili)] 
and we have considered gi = g2- At Agf ~ [4^i2 — ^12] . 
it follows from above equation that pn and P22 become time- 
independent in long time limit meaning coherent population 



FIG. 3: (Color online) Same as in Fig. 2, but for different values of 
intensity of first laser, Ji, keeping the intensity of second laser fixed 
at O.I mW/cm~^, keeping 5i = 82 — 0. The population is trapped 
at excited states for intensity of 2 W/cm^^. 



trapping in the excited states. When $12 = 0, pn{t 00) = 
P22(i ^ 00) = [pii(O) + p22(0) - 2i?e[pi2(0)]] /4 become 
exactly same as normal VIC case ||2tl. It is worthwhile to 
emphasize that the results given in Eqs. (9), (10) and (12) 
are general because they are applicable to any PA coupling 
regime. 

For experimental realization of VIC, our model can be ap- 
plied to the spin forbidden intercombination transition ^Sq—^ 
Pi of bosonic ^^^Yb 124^2611 which has no hyperfine interac- 
tion. The only molecular ground electronic state of ^^^Yb is 
^Eg which corresponds to ^So +^ 5*0 at long separation and 
represents the only bare continuum \E)i, of our model and . 
The excited states \(f>n) can be chosen as ro- vibrational levels 
in long range 0+ state that can be populated by PA. For illus- 
tration, we specifically consider excited ro-vibrational levels 
|0i) = \v = 118, J = 1) and |02) ^ \v = 118, J = 3) Q. 
According to the selection rules of continuum-bound transi- 
tions, the minimum partial wave (l) that be coupled to |02) by 
PA is d wave {I = 2). Usually at ultracold temperatures, d 
wave scattering amplitude becomes insignificant due to large 
centrifugal barrier But ground state scattering properties of 
^^^Yb are exceptional in the sense that it exhibits a promi- 
nent d-wave shape resonance at temperatures as low as 25 ptK 
I24II27I1. 

We now discuss our numerical results. In Fig. 2, we show 
the dynamical behavior of populations pn and P22 as a func- 
tion of scaled time -ft. The upper most panel shows popula- 
tions in the absence of the lasers assuming 71 = 72 = 712 = 
7 = 2.29 MHz 12811 . The short time dynamics clearly shows 
exchange of population between and |(/)2) due to VIC. 
In the lower two panels, we plot pn and P22 of Eq. (12) for 
different values of S2, keeping Si fixed. We find that, as S2 
increases upto an optimum frequency, the lifetime of both the 
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FIG. 4: (Color online) Plot of real and imaginary part of pi2 against 
'yt for different detunings of second laser (two upper subplots ) and 
different intensities of the first laser (two lower subplots). All other 
parameters of the upper subplots is same as in Fig. 2 while the other 
parameters of lower subplots are the same as in Fig. 3. In the two 
upper subplots, the detuning ^2 = (black solid line), <52 = 1 MHz 
(red dotted line) and S2 = 3 MHz (blue dashed lines) while in the 
lower two subplots the intensity h = 0.1 W cm~^(black solid line), 
7i = 2.0 W cm~^ (red dotted line) and h = 5.0 W cm~^ (blue 
dashed lines) 



electromagnetic vacuum. We have analyzed the effects of 
PA lasers on VIC. Our results show that under certain con- 
ditions population can be trapped in excited states. Note that 
VIC can be best realizable for an idealized three level system. 
We have discussed VIC in an atom-molecule interface system 
where one of the levels is the collisional contunuum of two 
ground state atoms. Our model relies on the condition that the 
two excited molecular levels decay to the same continuum. It 
may be very hard to fulfill this condition in alkali metal atoms 
since they have several ground continua due to hyperfine in- 
teractions. Furthermore excited levels may decay to bound 
states in ground molecular configuration. Since bosonic Yb 
has no hyperfine interaction, it has only one ground contin- 
uum. Photoassociated excited rotational levels with large vi- 
brational numbers as considered in this work are unlikely to 
decay to any bound level since their Frank Condon overlap 
with the least bound state close to the ground continuum is 
very small. Therefore, bosonic Yb appears to be a promising 
candidate for exploring VIC. The manipulation of VIC with 
PA may be important for controlling decoherence and dissi- 
pation in cold molecules. It may also be used for coherent 
control of atom-molecule conversion and optical 1 2^ 3^ and 
magneto-optical Feshbach resonance 12311 . 

AR gratefully acknowledge support from CSIR, Govern- 
ment of India. 



excited levels also increases. Then at an optimum frequency 
, the population gets trapped in the excited state. For the pa- 
rameters of Fig. 2, this optimum frequency is found to be 1 
MHZ. When 62 increases beyond the optimum value, popula- 
tion falls off. Since the value of dressed frequency (D„ depends 
upon the PA laser intensities, we expect the dynamics to be in- 
tensity dependent. Hence by varying the laser intensity of one 
of the PA lasers while keeping all other parameters fixed, we 
can achieve excited state population trapping for an optimum 
intensity of that laser In Fig. 3. we show this explicitly for an 
optimized intensity /i = 2 W cm^^. Note that at this laser 
intensity, PA stimulated linewidth Fi is much larger than 71 
meaning that the system is in the strong-coupling regime. In 
Fig. 4, we plot the dynamical behavior of the coherence pi2 
as a function of jt. It is clearly visible that the imaginary part 
is much more smaller than the real part. The upper panel of 
Fig. 4 shows that Re[/9i2] becomes steady in the long time 
limit for an optimum frequency. Lower panel of Fig. 4 shows 
that Re[/7i2] becomes time-independent in the long time limit 
for the optimum parameters for which population in Fig. 3 
becomes trapped. 

In conclusion, we have demonstrated that it is possible to 
generate and manipulate coherence between two excited ro- 
vibrational states of a molecule by using the technique of PA 
spectroscopy. A promising candidate for exploring such ex- 
cited state coherence is bosonic Yb atom. Once either or both 
the excited states are populated by PA, coherence between 
them builds up due to their interaction with the background 
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